It has been proposed that invertebrate stimulators of interferon genes (STINGs) do not take part in the innate immune response to infection. Herein, we identified a new STING homolog from pacific white shrimp Litopenaeus vannamei (LvSTING). Some amino acids crucial for recognizing cyclic dinucleotides in mammals are highly conserved in LvSTING. Moreover, LvSTING expression can be robustly induced by challenge with the Gram-negative bacteria Vibrio parahaemolyticus. Silencing of LvSTING contributes to decreased expression of the antimicrobial peptide PEN4 and renders shrimp more susceptible to V. parahaemolyticus infection, while coinjection with the recombinant LvSTING protein can rescue PEN4 expression in vivo and confer shrimp with more resistance to infection. Taken together, these results suggest that LvSTING is involved in the innate immune response to bacterial infection.
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Cytosolic sensing of pathogens is essential to a productive immune response. In mammals, detection of cytosolic DNA from microbial infections by a general DNA sensor cGAS [Cyclic GMP-AMP (cGAMP) synthase] activates stimulator of interferon genes (STING) [1] , which initiates a downstream signaling event by recruiting and activating TANK-binding kinase 1 (TBK1) or I kappa B kinase (IKK), leading to the phosphorylation of IFN regulatory factor 3 (IRF3) and IjB family of inhibitors of transcription factor NF-jB, respectively [2] . Phosphorylated IjB proteins are degraded; and the released NF-jB enters the nucleus, where it functions together with IRF3 to induce the expression of interferons (IFNs) and other cytokines such as TNF and IL-6, and thereby trigger the host immune response [2] .
Abbreviations cGAMP, Cyclic GMP-AMP; IFN, interferon; IKK, I kappa B kinase; IMD, immune deficiency; IRF3, IFN regulatory factor 3; JAK, Janus kinase; MAPK, mitogen activated protein kinase; STAT, signal transducer and activator of transcription; STINGs, stimulators of interferon genes; TBK1, TANK-binding kinase 1.
Mammalian STING is comprised of N-terminal several transmembrane regions associated with the endoplasmic reticulum, a central c-di-GMP-binding domain (CBD) mediating the binding to cyclic dinucleotides (CDNs) and a carboxy-terminal tail (CTT) important for signal transduction [3] . Although the homologs of STING are present as early as in cnidarians sea Nematostella vectensis, Monosiga brevicollis [4] , and mollusk Crassostrea gigas [5] , as well as invertebrate STINGs from phyla Annelida, Mollusca, and Cnidaria exhibit a robust ability to bind with CDNs [6] , the biological functions controlled by STINGs in invertebrates or lower organisms remain largely elusive. In addition, considering that invertebrate STING lacks a functional CTT previously shown to be required for mammalian STING to recruit the critical downstream TBK1 and IRF3 signaling components [3] , thus it has been postulated that invertebrate STINGs may lose their function to induce the innate immune response to infection [4] .
Pacific white shrimp, Litopenaeus vannamei is the most heavily farmed and makes up over 70% of shrimp in production. However, recently frequent outbreaks of bacterial and viral diseases have resulted in tremendous economic losses. For example, acute hepatopancreatic necrosis disease (AHPND), a recently emergent shrimp bacterial disease caused by strains of Vibrio parahaemolyticus that contain a unique virulence plasmid [7] , has resulted in an approximately 20% decrease in production worldwide in 2013 [8, 9] . On the other hand, growing researches are focused on shrimp innate immune in order to develop the control strategy for diseases. In the recent decade, the Toll, IMD, MAPK, and JAK-STAT pathways have been well functionally identified [10] , and they play vital roles in shrimp innate immune response to invading pathogens. Besides, some regulatory mechanism innovations are also been demonstrated in shrimp, for instance, shrimp has been reported to possess an IFN system-like antiviral mechanism that indicates the origin of IFNmediated antiviral system could be traced back to Crustacea [11] . By now, L. vannamei is thought to be a good model animal for the study of crustacean innate immunity or the ancient innate immune mechanisms.
In this study, we cloned and identified a new STING homolog from L. vannamei (LvSTING). LvSTING was remarkably responsive to pathogenic V. parahaemolyticus infection. Knockdown of LvSTING in vivo with bacterial infection resulted in shrimp's massive death, and the lower expression of antimicrobial peptide (AMP) PEN4. In summary, ours is the first evidence, to our knowledge, that an invertebrate STING participates in regulating AMP to defend against bacterium, though the nature of this action remains to be uncovered.
Materials and methods

Animals and pathogens
Healthy shrimps (L. vannamei, 4-6 g weight each) were obtained and cultured as previously reported [12] . The Gram-negative V. parahaemolyticus were cultured in Luria broth (LB) medium and then adjusted to yield approximately 1 9 10 5 CFU/50 lL.
Cloning of full length of LvSTING cDNA
The full length of LvSTING cDNA was obtained by using the RACE method with gene-specific primers (Table S1) based on an expressed sequence tag encoding a partial STING family protein in shrimp transcriptome data [13] . The cDNA template for RACE-PCR was prepared with the SMARTer PCR cDNA Synthesis Kit (Clontech, Kusatsu, Japan). The conditions of the RACE-PCR were the same as previous research [14] . The final PCR products were cloned into pMD-19T Cloning Vector (TaKaRa, Kusatsu, Japan) and 12 positive clones were selected and sequenced. 
Sequence and phylogenetic analysis of LvSTING
The real-time RT-PCR analysis of LvSTING expression
The shrimp tissues including hemocyte, muscle, eyestalk, scape (the first segment of antennae), gill, epithelium, hepatopancreases, intestine, stomach, heart, nerve, and pyloric ceca were sampled. Three samples from each tissue were collected from 15 shrimps (five shrimps pooled together) for tissue distribution assay. For pathogens challenge experiments, 100 shrimps were injected with approximately 1 9 10 5 CFU of V. parahaemolyticus. The negative control group (100 shrimps) was set and received an injection of 50 ll PBS only. Intestine and hepatopancreas of challenged shrimps were collected at 0, 4, 8, 12, 24, 36, 48, 72 h post injection, and three samples at each time point were pooled from nine shrimps (three shrimps each sample). Total RNA was isolated for the real-time PCR analysis as previously reported [17] . All samples were tested in triplicate. Primer sequences are listed in Table S1 .
Recombinant expression and purification
To facilitate the cellular intake of recombinant proteins, a cell-penetrating TAT peptide (TATGGCAGGAA-GAAGCGGAGACAGCGACGAAGA) [18] was fused to maltose-binding protein (MBP) of pMAL-c2x vector (New England Biolabs, Ipswich, MA, USA) by using ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). Recombined LvSTING cytoplasmic domain (CTD, H 120 -C 316 ) were cloned into the modified pMAL-c2x-rTAT for the recombined proteins entering the shrimp cells. The plasmids pMAL-c2x-rTAT-LvSTING-CTD and pMAL-c2x-rTAT were transformed into Rosseta cells for expression, respectively, and then the recombined proteins were purified by using Amylose Resin (New England Lab) according to the user's manual (Fig. 2D ).
dsRNA production, RNAi performance, and LvPEN4 detection without or with V. parahaemolyticus challenge
The synthesis of dsRNAs including dsRNA-LvSTING and dsRNA-GFP (as a control) was performed with T7 Ribo-MAX TM Express RNAi System kit (Promega, Fitchburg, WI, USA) according to the user's manual. Primer sequences are listed in Table S1 . The length of dsRNALvSTING and dsRNA-GFP are 488 and 554 bp, respectively. The experimental group was treated with the injections of dsRNA-LvSTING (10 lg dsRNA each shrimp in 50 ll PBS), while the control group was injected with equivalent dsRNA-GFP, respectively. The intestine tissues from each group (nine shrimps) were sampled at 0, 48, 96, 144 h post injection. In bacterial challenge experiments, shrimps were injected again with 1 9 10 5 CFU V. parahaemolyticus, and mock-challenged with PBS as a control after 48 h post the first dsRNAs injection. The shrimps cultured in tanks with air-pumped circulating seawater were fed artificial diet three times a day at 5% of body weight for about 5 days following infection. The intestine tissues from each group (nine shrimps) were sampled for real-time RT-PCR to detect the knockdown efficiency of LvSTING and expression levels of LvPEN4 genes. Primer sequences are listed in Table S1 . The survival rate of each group was recorded every 4 h. The Mantel-Cox (log-rank
method was subjected to analyze differences between groups with the GRAPHPAD PRISM software. In parallel, the rescue experiments for LvPEN4 expression were performed with coinjection of the dsRNALvSTING with rTAT-MBP-LvSTING-CTD or the control rTAT-MBP (0.1, 0.5, 2.5, and 8 lg recombined proteins in 50 ll PBS for each shrimp). Total RNA was extracted from intestine tissues at 48 h post coinjection, and the expression of LvPEN4 was analyzed by real-time RT-PCR. Moreover, the rescue experiments for shrimp survival rates were also performed with coinjection of dsRNA-LvSTING (10 lg) with 2.5 lg of either rTAT-MBP-LvSTING-CTD or rTAT-MBP. After 48 h, shrimps were injected again with 1 9 10 5 CFU V. parahaemolyticus, and mock-challenged with PBS as a control. Survival rate of each group was recorded every 4 h. The MantelCox (log-rank v 2 test) method was subjected to analyze differences between groups with the GRAPHPAD PRISM software.
Results and Discussion
Cloning, identification, and phylogenetic analysis of LvSTING
We cloned the full-length cDNA sequence of LvSTING from L. vannamei transcriptome by using rapid amplification cDNA ends (RACE) methods. (Fig. 1A , C). Multiple sequence alignment, among different species from arthropods to mammals, showed that most of the crucial amino acids responsible for human STING-CBD-CDNs interaction, such as Y167, R232, R238, Y240, N242, E260, and T263, were also evolutionary conserved in LvSTING CBD (Fig. 1B) , which suggest that the pattern of LvSTING binding with CDNs could be similar to that of human STING. Phylogenetic tree analysis showed that STING homologs were distributed in a wide range of metazoans from Cnidarian (Nematostella vectensis and Hydra magnipapillata) to Vertebrata such as Homo sapiens and Mus musculus (Fig. 1D) . Of note, all STING homologs, except for Chordonia Branchiostoma floridae and Arthropod Ixodes scapularis STINGs, contained one to four TMs, whereas only the Vertebrata STINGs harbored the long and characteristic CTTs (Fig. 1D) , suggesting that modern STING proteins might have gained or lost their structural domains during evolution. Taken together, these results suggested that the emergence of STINGs could be traced back to early Cnidarian (such as N. vectensis and H. magnipapillata); alternatively, the modern STINGs could be evolved from a common metazoan ancestor.
The involvement of LvSTING in host innate immune to bacterial infection
It has been fairly well demonstrated that mammalian STING proteins play the major and nonredundant role in the cytosolic DNA-sensing pathway that leads to inspire the host innate immune to express interferon or other coregulated genes [19] . However, there has almost been none studying on the function of invertebrate STINGs during pathogenic infection. In order to explore whether LvSTING functions in innate immune against bacterial infection, we first detect the tissue distribution of LvSTING, which showed that it was mainly expressed in hepatopancreas and intestine, two major immune-related tissues for AMPs production ( Fig. 2A) . Real-time RT-PCR was then performed to investigate the time-course expression changes of LvSTING in hepatopancreas and intestine after the challenge of V. parahaemolyticus, a common bacterial pathogen of shrimps. As shown in Fig. 2B (Fig. 2B1) , as well as in hepatopancreas with~1.85-fold,~1.42-fold,~1.53-fold, and~2.23-fold increases at 4, 24, 36, and 72 h, respectively (Fig. 2B2) . The strikingly up-regulated expression of LvSTING post V. parahaemolyticus infection may indicate that it could play a critical role in innate immunity against bacterial infection.
RNAi was further carried out to elucidate the function of LvSTING during bacterial infection. We observed that the dsRNA-LvSTING-mediated silencing efficiencies of LvSTING in intestine reached 79.0%, 87.4%, and 92.7% at 48, 96, and 144 h compared to that of dsRNA-GFP injection (Fig. 2C1) . Interestingly, the injection of dsRNA-GFP can violently up-regulate the expression of LvSTING, which are obviously different from that of mammalian STING with responsiveness only to dsDNA. In addition, the expression of LvSTING was also suppressed to 50.7% and 46.3% of that of dsRNA-GFP-injected group at 12 and 24 h post V. parahaemolyticus infection (Fig. 2C2) . It has been documented that mammalian STING is able to mediate the phosphorylation and activation of transcription factor NF-jB via recruiting IKKs or tumor necrosis factor receptor-associated factor 3/6 (TRAF3/6), respectively [2] . We thus investigate the effect of knockdown of LvSTING on the expression of NF-jB-targeted AMP LvPEN4 [20] . Interestingly, the mRNA levels of LvPEN4 were notably down-regulated after the dsRNA-LvSTING injection with or without V. parahaemolyticus infection (Fig. 2C3,C4) . Moreover, coinjecting the shrimp with dsRNA-LvSTING and recombinant rTAT-MBP-LvSTING-CTD protein, but not the control rTAT-MBP, can progressively restore the transcript levels of LvPEN4 in intestine in a dose-dependent manner (Fig. 2D,E) . These results suggested that LvSTING may have an effect on basal and bacterial-induced transcription of LvPEN4 or NF-jB-targeted genes; alternatively, shrimp STING could also play a role in the activation of NF-jB pathway. We next observed that massive deaths started to show from 8 h to 60 h, in V. parahaemolyticus infected shrimps upon treatment with dsRNA-LvSTING, whereas in the same duration, the control group with dsRNA-GFP, showed a higher survival rate (Mantel-Cox log-rank v 2 : 15.81, P = 0.0012 < 0.01) (Fig. 2F) . The final survival rates were 0% and 32.5% for the dsRNA-LvSTING and dsRNA-GFP groups, respectively (Fig. 2F) . Expectedly, when coinjecting the shrimps with dsRNALvSTING and recombinant rTAT-MBP-LvSTING-CTD protein, but not the control rTAT-MBP, the shrimps restored their resistances to bacterial infection (Fig. 2G) . Taken together, these results further confirmed the protective role of LvSTING in innate immunity against bacteria perhaps via regulating the expression of NF-jB-targeted genes such as AMPs. . Forty-eight hours later, the expression of LvPEN4 was analyzed by real-time RT-PCR. The injections of dsRNA-GFP and rTAT-MBP were used as controls. Data represent the mean AE SD from three independent repeats with error bars representing SD. The data were subjected to one-way analysis of variance analysis. Different letters represent significant differences (P < 0.05). (F) The survival rates of LvSTING silenced shrimps during V. parahaemolyticus infection. Shrimps were injected intramuscularly with dsRNA-LvSTING or dsRNA-GFP (as a control). At 48 h post the initial injection, shrimps were infected with V. parahaemolyticus or PBS as the negative control. The significances were calculated by the Mantel-Cox method (**P < 0.01). The experiments were performed two times with identical results. (G) Rescue of shrimp survival rate with rTAT-MBP-LvSTING-CTD. Shrimps were injected intramuscularly with dsRNA-LvSTING or dsRNA-GFP. Forty-eight hours later, shrimps were then coinjected with V. parahaemolyticus and rTAT-MBP-LvSTING-CTD or rTAT-MBP (as a control). The significances were calculated by the Mantel-Cox method (**P < 0.01). The experiments were performed two times with identical results.
Although the detailed mechanism of LvSTINGmediated innate immune remains enigmatic, we have provided some experimental evidence in vivo for the protective role of LvSTING to bacterial infection. In particular, we hypothesized that V. parahaemolyticus or other pathogenic bacteria infected shrimp cells, which probably leads to the exposure of their DNA species through cell phagocytosis or secreting of bacterial CDNs into cytoplasm, as well as leads to host DNA damage that has leaked from the nucleus. These exposed DNA species could activate LvSTING to trigger the expression of NF-jB-targeted genes such as AMPs, and then those genes act as effector molecules directly against the invading bacteria. Nevertheless, how the LvSTING recognizes the pathogenic infection, as well as activates the NF-jB pathway, is still unclear and requires further investigation. We hope that the study of LvSTING in shrimp can provide some insight into the function of invertebrate cGAS-STING in innate immunity. 
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